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In this work, we report structural, optical and electrochemical investigations on the gadolinium–lead glass sys-
tem with the xGd2O3·(100 − x)[4PbO2·Pb] composition where x = 0, 1, 5, 10, 15 mol% Gd2O3 obtained by
the melt quenching method. The studied homogeneous glass system was characterized by X-ray diffraction
(XRD), infrared (IR) spectroscopy, ultraviolet–visible (UV–VIS) spectroscopy, electron paramagnetic resonance
(EPR) spectroscopy, and cyclic voltammetry (CV) measurements. The purpose of this paper was i) to immobilize
the gadolinium ions in the lead–lead dioxide glasses and ii) to investigate the structural, optical and electrochem-
ical properties of the obtained glasses for possible applications in the radioactive waste recycling.
IR data show that the [PbO6] octahedral structural units do not accommodate with the excess of non-bridging
oxygen, [PbO3] pyramidal units are suitable neighbors for the gadolinium ions and [GdOn] entities will be inter-
calated in the host matrix. The EPR spectra of Gd+3 ions in lead–lead dioxide glasses exhibit four resonance lines
situated at about g ≈ 2.0; 2.8; 4.8 and 6. The EPR signals located at about g ~ 2; 2.8 and 6 are known as the U-
spectrum of Gd+3 ions situated in higher symmetry which can be readily accommodated in a vitreous system
whereas the sharpness of the signal situated at about g ~ 4.8 is associatedwithGd+3 ions having low coordination
numbers.
These structural modifications are supported by the increase in the intensity of the UV–VIS absorption bands
associated to the electronic transitions of the Pb+2 andGd+3 ions and the formation of non-bridging oxygen cen-
ters. Electrochemical performances of electrode glasses show the pronounced mobility of the lead ions compar-
ative with the gadolinium ions.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Immobilization of radioactive wastes by vitrification is a well
established process that has been studied extensively over the last
40 years [1–3]. Vitrification has been selected for immobilization of
high-level toxic and radioactive wastes because glass is highly stable,
very durable and has the ability to incorporate a wide variety of chem-
ical contaminants.

The main advantages of the vitrification route include the fact that
glass is a good solvent for wastes, can be processed at reasonably low
temperatures, is very tolerant of variations in waste composition, ex-
hibits reasonable chemical durability, is radiation resistant and can ac-
commodate changes of nuclear wastes occurring during decays [4,5].

Various glass systems have been found to be suitable to play the role
of a hostmatrix for nuclearwastes being thermally andmechanically sta-
ble and showing good chemical durability. Most current research on vit-
rification of mixed waste has focused on borosilicate and phosphate

glasses, originally developed for immobilization of high-level radioactive
waste (HLW). Such borosilicate glasses demonstrated good long-term
chemical durability and good thermal and physical stability, but require
relatively high temperature processes (1050–1250 °C) for effective en-
capsulation ofwastes [1]. These high temperatures are amajor drawback
because volatilization of certain isotopes (99Tc and 137Cs) and heavy
metals (Pb and Cd) can occur, requiring the use of supplementary proce-
dures to capture and stabilize these off-gas contaminants.

The phosphate glass systems have a lowmelting point but have little
commercial applicability due to their rapid degradation in water and
poor chemical durability [6–9]. Thus, borosilicate glasses were found
to be, overall, more favorable for the immobilization of HLW.

The future is directed towards the identification of similar glasses
with improved durability and processing characteristics, which will
mainly be achieved through compositional modifications of existing
waste forms [10]. Then, other types of glass waste form with lower
manufacturing temperature and easier processing route also offers po-
tential directions for the further studies.

Oxide glasses based on PbO2 are of great interest because they can
form amorphous materials without traditional network formers like
SiO2. The lead dioxide is known as a non-conventional network former.

Journal of Non-Crystalline Solids 405 (2014) 129–134

⁎ Corresponding authors.
E-mail addresses: Simona.Rada@phys.utcluj.ro, radasimona@yahoo.com (S. Rada),

eugen.culea@phys.utcluj.ro (E. Culea).

http://dx.doi.org/10.1016/j.jnoncrysol.2014.09.006
0022-3093/© 2014 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Journal of Non-Crystalline Solids

j ourna l homepage: www.e lsev ie r .com/ locate / jnoncryso l

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnoncrysol.2014.09.006&domain=pdf
http://dx.doi.org/10.1016/j.jnoncrysol.2014.09.006
mailto:Simona.Rada@phys.utcluj.ro
mailto:radasimona@yahoo.com
mailto:eugen.culea@phys.utcluj.ro
http://dx.doi.org/10.1016/j.jnoncrysol.2014.09.006
http://www.sciencedirect.com/science/journal/00223093


Due to its properties like low melting point, corrosion resistant and
radiation resistant, lead is indispensable in the radioactive wastes. On
the other hand, lead plays a very important role in glasses due to its abil-
ity to form both covalent and ionic bonds with oxygen ions from the
host matrix [11–15].

In this respect, this work proposes the study of oxidic vitreous sys-
tems of lead dioxide–lead metallic doped with gadolinium(III) oxide.
The use of the rare earth ions as dopants presents the advantage of
the study of the behavior of some ions whose electronic pattern is
very similar to that of actinide ions but is not radioactive, thus simplify-
ing the conditions of the research work. Such dopant ions are used in
order to “imitate” the behavior of uranium or plutonium ions that rep-
resents an important segment of the nuclear wastes.

The aim of the present paper is i) to obtain lead based glasses, that
contain metallic lead and lead dioxide, at low temperature due to the
lead volatility and ii) to immobilize the gadolinium ions in the lead–
lead dioxide glasses for potential applications in the recycling engineer-
ing and radioactivewastemanagement. The novelty is given not only by
the cheap synthesis method proposed, namely the melt quenching
method which is very unusual in materials science for a glass formed
only from lead, but also by the immobilized gadolinium ions in the
host matrix glasses.

Lead dioxide occurs in an orthorhombic α-phase, a tetragonal β-
phase, and a high-pressure γ-phase cubic modification [16,17]. In
the structure of the α- and β-PbO2 modification, each lead atom is
surrounded by a distorted octahedron of six oxygen atoms. The β-
PbO2 phase as a representative of a rutile type consists of columns of
edge-sharing [PbO6] octahedral units along the z-axis. Each octahedron
of such a chain shares two edges with two neighboring octahedral.
These columns of occupied octahedral units alternate with similar
columns of empty octahedral units in directions x and y to form a
framework. The α-PbO2 phase consists of zig-zag chains of [PbO6] octa-
hedral units in the z direction, and each octahedron shares two edges
with other octahedral in the chain. The octahedron in α-PbO2 phase is
very irregular and the Pb1 and Pb3 atoms are connected by translation.

Recent experiments and theoretical calculations show that group-IV
element dioxide SiO2, GeO2, SnO2 and PbO2 have a common sequence of
high-pressure structural transformations: rutile-type → CaCl2-
type → α-PbO2-type [18]. For example, the β-PbO2 → α-PbO2 phase
transition occurs at about 590 °C and 1.8 atm [17]. A study of glass for-
mation in this system should therefore be very interesting.

Glass system with the xGd2O3·(100 − x)[4PbO2·Pb] composition,
where x= 0÷ 15% Gd2O3, was prepared by the classical melt quenching
technique andwas characterized by XRD, FTIR, UV–VIS and EPR spectros-
copies and cyclic voltammetry. Moreover, this study is extended in order
to study the effect of Gd2O3 concentration on structural, optical, and elec-
trochemical properties and to justify the induced modifications and the
status of gadolinium ions in the lead–lead dioxide host glass.

2. Materials and method

Host glass was prepared using reagent grade purity lead (IV) oxide
and metallic oxide of high purity in suitable proportion. The mechani-
cally homogenized mixtures were melted in sintered corundum cruci-
bles at 950 °C in an electric furnace. The samples were put directly
into the electric furnace at this temperature. After 10 min, the molten
material was quenched at room temperature by pouring onto a
stainless-steel plate. Appropriate amounts of PbO2, Pb and Gd2O3, hav-
ing desired stoichiometry, were synthetized by the melt quenching
method described before.

The crystalline or amorphous nature of obtained samples (after the
transformation of obtained samples into a fine powder) was investigat-
ed through the X-ray diffraction method using a XRD-6000 Shimadzu
diffractometer, with a graphite monochromator for Cu Kα radiation
(λ = 1.54 Å).

The absorption IR spectra were recorded at room temperature using
a JASCO FTIR 6200 spectrometer using the standard KBr pellet disk
technique. The spectra were carried out with a standard resolution of
2 cm−1.

Electron paramagnetic resonancemeasurements were performed at
room temperature, in the X frequency band (9.1–9.7 GHz), using an
Adani PS 8400-type spectrometer.

Ultraviolet–visible absorption spectra of the powdered glass sam-
ples were recorded at room temperature in the 250–600 nm range
using a Perkin-Elmer Lambda 45 UV/VIS spectrometer equipped with
an integrating sphere. These measurements weremade on a glass pow-
der dispersed in KBr pellets. The validity of the band position is ±2 nm.

The electrochemical properties were characterized by cyclic volt-
ammetry using a VERSASTAT3 potentiostat and V3Studio software.
Disks of glasses were used as theworking electrode, platinum electrode
as the counter, calomel as the reference electrode and sulfate acid solu-
tion as the liquid electrolyte. All experiments were conducted in an
H2SO4 solution with a concentration of 5%.

3. Results

The diffraction patterns of glasses with x = 0 and 15 mol% Gd2O3

shown in Fig. 1 reveal only two large halos specific to amorphous struc-
ture. Therefore, the X-ray diffraction patterns did not suggest any crys-
talline phase in the samples.

The formation of the PbO2 glassy can be described from the anion-
centered perspective of the α-PbO2 crystal structure. Each oxygen
atom is coordinated by three Pb atoms, resulting in an almost regular
triangle. The Pb\O bond length variations are insignificant (2.11, 2.17,
2.21 Å) and variations of bond angles are very large (76–100° instead
of 90° and 155–171° instead of 180°). Then, the individual Pb\O\Pb
angles are different (average value is 118.4°) and depend on tempera-
ture [17]. Accordingly, the fact that the average angle is smaller than
120° produces the displacement of the central oxygen atom located be-
neath the plane of the triangle. These structural modifications imply the
decrease of the connectivity of the three-dimensional framework, the
apparition of [PbO3] and [PbO4] structural units between octahedrons
and further the formation of the amorphous structure.

Fig. 2 illustrates the compositional evolution of the FTIR spectra of
gadolinium–lead–lead dioxide glasses containing varying Gd2O3 con-
centrations. The infrared bands can be assigned to the [PbO3], [PbO4]
and [PbO6] structural units. The band situated at about 460 cm−1 visible
on the spectra of all series of glasses is assigned to the Pb\O\Pb and

Fig. 1. XRD diffractograms of the xGd2O3·(100 − x)·[4PbO2·Pb] glasses with x = 0 and
15% Gd2O3.
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